Cochliobolus carbonum race 1 produces a cyclic tetrapeptide HC-toxin, which is necessary for its exceptional virulence on certain varieties of maize. Previous genetic analysis of HC-toxin production by the fungus has indicated that a single genetic locus controls HC-toxin production. Enzymes involved in the biosynthesis of HC-toxin have been sought by following the precedents established for the biosynthetic enzymes of cyclic peptide antibiotics. Two enzymatic activities from C. carbonum race 1 were found, a D-alanine-and an L-proline-dependent ATP/PPj exchange, which by biochemical and genetic criteria were shown to be involved in the biosynthesis of HC-toxin. These two activities were present in all tested race 1 isolates of C. carbonum, which produce HC-toxin, and in none of the tested race 2 and race 3 isolates, which do not produce the toxin. In a genetic cross between two isolates of C. carbonum differing at the tox locus, all tox+ progeny had both activities, and all tox-progeny lacked both activities.
Some plant pathogens produce low molecular weight compounds that selectively affect only those cultivars of the host plant the pathogen is able to infect. Numerous investigators have demonstrated the importance of these host-selective toxins in the plant disease interactions in which they occur (1) .
Several species of the pathogenic fungus Cochliobolus [also known by the names for its imperfect stage Helminthosporium or Bipolaris (2)] make host-selective toxins. In those species that have been studied, single genetic loci control toxin production. A single genetic locus in Cochliobolus carbonum race 1 controls production of the host-selective toxin HC-toxin (3) (4) (5) . Production of the hostselective toxins HMT-toxin and victorin by Cochliobolus heterostrophus race T and Cochliobolus victoriae, respectively, are also inherited monogenically (5) (6) (7) . The progeny of crosses between C. carbonum race 1 and C. victoriae segregate 1:1:1:1 for production of HC-toxin, victorin, both toxins, or neither toxin (5) . How single genetic loci control biosynthesis of host-selective toxins is not known (1) .
One approach to understanding the functions of the genes (called the tox loci) that control host-selective toxin production would be to identify the products of those genes. Although we cannot at this point exclude the possibility that the tox genetic loci are regulatory, they more likely encode one or several enzymes involved in biosynthesis of the toxins. Identification of the enzymes that catalyze the synthesis of host-selective toxins would thus allow a rational approach to the study of the tox genes from Cochliobolus and hence of the molecular structure and evolution of genes controlling virulence and host range in this important group of plant pathogenic fungi.
C. carbonum (imperfect stage Helminthosporium carbonum or Bipolaris zeicola) race 1 synthesizes the hostselective toxin HC-toxin (8) (9) (10) (11) (12) . HC-toxin is a cyclic peptide with the structure cyclo(D-Pro-L-Ala-D-Ala-L-AOE), where AOE stands for 2-amino-8-oxo-9,10-epoxidecanoic acid (Fig.  1) . The unusual amino acid AOE has been reported in three other cyclic tetrapeptides from three unrelated filamentous fungi (13) (14) (15) . Maize (Zea mays L.) that is homozygous recessive at the nuclear Hm locus is susceptible to C. carbonum race 1 and sensitive to HC-toxin. Non-toxinproducing isolates (races 2 and 3) of C. carbonom do not make HC-toxin and are only weakly pathogenic on many maize cultivars (16) .
A number of the enzymes that catalyze the biosynthesis of cyclic peptide antibiotics have been studied (17) (18) (19) . In all cases, the enzymes are large multifunctional proteins, contain the cofactor pantetheine, and activate the constituent amino acids as thioesters (20) (21) (22) . These enzymes frequently also catalyze modifications of the amino acids such as racemization (23) , methylation (24, 25) , acetylation (26) , and rearrangements (27) . Because cyclic peptide synthetases activate each amino acid independently of the others prior to bond formation, it is not necessary to have complete in vitro biosynthesis of the cyclic peptide in question to assay them. Thus, in theory it should be possible to identify enzymes involved in the biosynthesis of cyclic peptides, such as HC-toxin, which contain amino acids not easily obtained.
The activation reaction catalyzed by cyclic peptide antibiotic synthetases is amino acid + ATP = aminoacyl-AMP + PP1.
Under the appropriate conditions, this reaction has a net change in free energy of close to zero and hence can be driven in the reverse direction. In the standard amino acid activation assay, radiolabeled pyrophosphate is used, and amino aciddependent incorporation of 32p into ATP is measured (28) .
In the work reported here, I describe how the precedents established from the study of cyclic peptide antibiotic synthesis were used to identify two enzymatic activities involved in the biosynthesis of HC-toxin.
MATERIALS AND METHODS
Fungal Isolates. Isolates of C. carbonum were from the American Type Culture Collection [ATCC 36384, originally isolated in New York State (4)], R. P. Scheffer (Michigan State University; isolates 81-64 and 73-4), and K. J. Leonard (North Carolina State University; isolates 1309, 926, 1368, and 1274). Isolates SB111 and SB114 (which are siblings) and the progeny derived from a genetic mating between them (see Table 2 ) were generously provided by S. P. Briggs (Pioneer Hi-Bred International, Johnston, IA; current address, Cold Abbreviation: AOE, 2-amino-8-oxo-9,10-epoxidecanoic acid.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. High-Pressure Liquid Chromatography (HPLC). Protein fractionation by HPLC was done on a Beckman system with a model 421 controller, two model 114 pumps, and a model 163 UV detector (280 nm). Gel filtration was on a 7.5 x 600 mm TSK3000 SW column (Beckman), with a mobile phase of 100 mM KH2PO4, pH 7.0/4 mM dithiothreitol/10% (vol/vol) glycerol. Flow rate was 0.5 ml/min. Ion exchange was on a TSK DEAE-5PW anion exchange column (Beckman) at a flow rate of 0.8 ml/min. Buffer A was 100 mM KH2PO4, pH 7.0/4 mM dithiothreitol/10% (vol/vol) glycerol; buffer B was the same except the K142PO4 concentration was 500 mM. The linear gradient started 10 min after injection of the sample and proceeded to 100% B in 40 min.
The protein standards used to calibrate the gel filtration column (Fig. 2) were from Bio-Rad or Sigma, and were thyroglobulin (Mr, 670,000), apoferritin (Mr, 436,000), 8-glucuronidase (Mr, 290,000), 83-amylase (Mr, 200,000), and IgG (Mr, 158,000).
Eizyme Assay. ATP/PPi exchange activity was measured according to Lee and Lipmann (28) , except N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES) buffer (pH 7.0) was used. The assay mixtures were incubated at 30°C for 30 min and stopped by addition ofcharcoal. The charcoal was filtered on Whatman GF/A glass fiber filters, washed twice with 5 ml of 0.04 M sodium pyrosphosphate plus 1.4% (vol/vol) perchloric acid, and once with 5 ml of water. Radioactivity retained on the filters was measured with a scintillation counter.
RESULTS
Extracts of C. carbonum race 1 that had been partially purified by precipitation with 40% ammonium sulfate con--tained ATP/PP, exchange activities dependent on L-proline, D-alanine, and L-alanine. Protein fractions precipitated by higher concentrations of ammonium sulfate contained the bulk of amino acid-independent ATP/PP, exchange activity Both the D-alanine and the L-proline activities were coeluted from an HPLC gel filtration column with an apparent Mr of 310,000 (Fig. 2) . A weaker L-alanine-dependent activity was also coeluted. On an HPLC ion exchange column, the D-alanine and the L-proline activities were clearly separated (Fig. 3) . the L-alanine activity remained with the D-alanine activity. The D-alanine and L-proline exchange activities were also separated by dye ligand (Affigel-Blue; BioRad) and hydroxyapatite chromatography. When rerun on gel filtration HPLC after separation by ion exchange, the two activities Table 2 individually had Mrs of 310,000, indicating that in the initial gel filtration run they had not been eluted as a complex.
Cyclic peptide synthetases but not most aminoacyl-tRNA transferases can use 2'-dATP instead of ATP as substrate (29) (30) (31) . The D-alanine and L-proline exchange activities from C. carbonum used 2'-dATP 100% and 35% as effectively, respectively,'as ATP. In its relative inability to use 2'-dATP, the L-proline activity from C. carbonum race 1 differs from gramicidin and tyrocidine synthetases (30, 31) .
DISCUSSION
The results indicate that two separable enzyme activities segregate with the Mendelian tox locus, which controls HC-toxin biosynthesis. Both of these enzyme activities are ones that would be expected to be involved in the biosynthesis of HC-toxin, based on the precedents of other cyclic peptide synthetases. Although L-amino acids are considered to be the natural substrates of cyclic peptide synthetases, generally if a cyclic peptide contains a D-amino acid, the corresponding synthetase will activate both isomers (23) . Epimerization occurs after amino acid activation. D-Proline is the isomer of proline found in HC-toxin (Fig. 1) , but a D-proline ATP/PPj exchange activity was not found in C. carbonum race 1, only an L-proline activity. Bacitracin contains D-ornithine but bacitracin synthetase activates only L-ornithine (27) . Likewise, actinomycin contains D-valine but actinomycin synthetase II recognizes only L-valine (29) . In its inability to activate the D-isomer of proline the enzyme described here resembles bacitracin and actinomycin synthetases.
Several hypotheses have been proposed to account for control of toxin production by single loci in the species of Cochliobolus that have been studied genetically (1) . One hypothesis is that a tox locus is a mutation that by blocking some pathway allows accumulation ofa phytotoxic metabolic intermediate. However, demonstration-that the tox locus in C. heterostrophus is dominant (32) argues against this interpretation for that system, and the recently elucidated strucThe crosses were done as described (3) , and the genotypes of the progeny were determined by ability to infect maize susceptible to C. carbonum race 1. ND, not determined.
tures of HC-toxin (9-12) and victorin (33) argue against these toxins being metabolic intermediates. A second possible explanation is that toxin biosynthesis only requires a single enzyme encoded by a single gene. HMT-toxin is a polyketide; the polyketide 6-methylsalicylic acid is synthesized from acetate by a multienzyme composed of identical subunits (34) . The cyclic depsipeptide enniatin B is synthesized by a single multifunctional polypeptide (24) . Both compounds are from filamentous fungi. A third possible explanation of the genetic data is that tox loci are complex, composed of several contiguous genes that together encode all the enzymes necessary to synthesize the toxins. My findings (Tables 1 and  2 ) favor this last possibility as the simplest explanation consistent with the data.
By purification of these enzymes and application of established techniques, it should be possible to isolate the genes encoding them. This would allow study of the molecular organization of the tox locus in C. carbonum. Ultimately, it should be possible to study the evolutionary relationships between races of C. carbonum that can and cannot make HC-toxin and between C. carbonum and other species of fungi that make cyclic peptides closely related to HC-toxin.
Clearly, enzyme activities in addition to the three described here (activation of L-alanine, D-alanine, and -Lproline) are required for the complete synthesis of HC-toxin. These include those necessary for the epimerization of L-proline and L-alanine, for the biosynthesis and activation of AOE, and for cyclization of the peptide. Whether races and isolates of C. carbonum that do not make HC-toxin have any or all of these activities and whether these activities reside on polypeptides distinct from the two described here remain to be determined.
The techniques developed during the study of the biosynthesis of cyclic peptide antibiotics that have been used here could also be applied to the study of the biosynthesis of other peptidic phytotoxins with a known role in plant disease, such as victorin, tentoxin, AM-toxin, phaseolotoxin, tabtoxin, and PC-toxin (35) .
